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We previously demonstrated that the presence of a hormone response element surrounding the transcription initiation site
of the SV40 major late promoter (1 HRE) confers a replication advantage to the virus in a cell-type-specific manner. We
determine here the mechanism by which the 1 HRE confers this advantage by analyzing in detail the various stages of the
viral life cycle of wild-type versus a 1 HRE mutant in MA-134 cells. We show that the mutant overexpresses late genes at
the expense of early genes at early times after infection. This initial underproduction of early RNA leads, subsequently, to an
underproduction of large T-antigen, viral DNA, and infectious virions. We conclude that the 1 HRE is necessary for the
proper initial regulation of transcription from the early as well as late promoter so the cascade of subsequent events can bevier ScienINTRODUCTION
SV40’s 5.2-kb, double-stranded DNA genome contains
a bidirectional promoter/regulatory region that enables
temporal regulation of its two sets of genes. Expression
of the regulatory genes from the early promoter begins
early in the viral lytic cycle of infection, leading to the
synthesis of the large T- and small t-antigens. Large
T-antigen is a multifunctional protein that interacts with
numerous cellular proteins involved in cell-cycle regula-
tion and DNA replication (Simmons, 2000). These inter-
actions result in the infected cell entering an unchecked
proliferation loop. Importantly, large T-antigen is also
involved in the initiation of SV40 DNA replication (Tegt-
meyer, 1972), autoregulation of SV40’s early promoter
(Tegtmeyer et al., 1975; Reed et al., 1976; Khoury and
May, 1977), and transactivation of SV40’s late promoter
(Rosenthal and Brown, 1977; Brady et al., 1984; Keller and
Alwine, 1984, 1985; Kelly and Wildeman, 1991; Casaz et
al., 1995).
Expression of the late genes encoding the structural
proteins of the virion is delayed until after the onset of
viral DNA replication (Acheson, 1982). Previous work
from our laboratory demonstrated that this delay is due,
in part, to the presence of nuclear receptors (NRs) bound
to a hormone response element surrounding the tran-
scription initiation site of SV40’s major late promoter, the
1 HRE, repressing transcription from this promoter.
Specifically, we found that SV40 plasmids containing a
mutation in the 1 HRE overexpress late RNA at early,
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Zuo and Mertz, 1995). Furthermore, overexpression of
NRs that recognize the 1 HRE results in a delay in the
early-to-late switch in SV40 gene expression (Zuo and
Mertz, 1995; Zuo et al., 1997). This delay is relieved by
addition to the medium of the ligand to the overex-
pressed NR (Zuo et al., 1997). On the basis of these and
other data, we hypothesized that the SV40 late promoter
is repressed at early times when viral template copy
number is low by the binding of NRs to the 1 and other
HREs located within and near SV40’s promoter/regula-
tory region (Wiley, 1993; Wiley et al., 1993). This repres-
sion is relieved at late times, in part, by titration, a
consequence of replication of the viral DNA to high copy
number.
Another, nonmutually exclusive model for the early-to-
late switch in SV40 gene expression is that the late
promoter, once activated, competes with the early pro-
moter for limiting trans-acting factors necessary for tran-
scription. Consistent with this hypothesis is the finding of
O’Neill et al. (1998) that SV40 mutants lacking the late
promoter produce more early RNA than wild-type (WT)
SV40, but not when the late promoter is present in either
cis or trans. While confirming our observation that SV40
genomes containing mutations in the late promoter’s
HREs overproduce late RNA at early times posttransfec-
tion, they noted that these mutants also underproduce
early RNA and large T-antigen.
The above findings were obtained using cell-free tran-
scription systems and transient transfection assays that
did not recapitulate all of the steps in the life cycle of the
virus. Thus, remaining unanswered was the question of
whether the late promoter’s HREs are actually importantexecuted for the optimal production of virions. © 2002 Else
262-2824. E-mail: mertz@oncology.wisc.edu.ce (USA)
in the context of SV40’s complete lytic cycle of infection.
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Using virus replication competition assays, we recently
showed that virus containing the 1 HRE mutation is
outcompeted by WT in the African green monkey kidney
(AGMK) cell lines MA-134, CV-1, CV-1P, TC-7, and Vero,
but not in the AGMK cell line CV-1PD (Farrell and Mertz,
2002). This finding demonstrated that the presence of the
1 HRE confers a replication advantage to wild-type
virus in some cell types. To shed light on the mechanism
by which the 1 HRE confers its replication advantage,
we examined the various steps in the life cycle of WT
versus a 1 HRE mutant during a single cycle of growth
in MA-134 cells. The mutation in the 1 HRE studied
here is a single G-to-C base substitution located 3 bp
upstream of the transcription initiation site of the major
late promoter. This mutation causes no cis-acting de-
fects in transcription, RNA processing, mRNA stability, or
viral DNA replication, yet abrogates binding of nuclear
receptors to this site (Farrell and Mertz, 2002). We show
that relative to infection by WT SV40, MA-134 cells in-
fected with virus containing this 1 HRE mutation both
overproduce late RNA and underproduce early RNA prior
to the onset of viral DNA replication. They also accumu-
late correspondingly less large T-antigen, less viral DNA
and fewer infectious progeny virions than WT-infected
cells. These findings indicate that repression of the late
promoter by the binding of NRs, concomitant with com-
petition between the early and late promoters for utiliza-
tion of limiting transcription factors, plays a significant
role in regulation of the early-to-late switch in SV40 gene
expression in the context of the virus life cycle and, thus,
in the optimal production of infectious virus.
RESULTS
Rationale
To gain insight into the mechanistic basis for the
replication advantage offered by the 1 HRE, we com-
pared the growth characteristics of WT versus 1 HRE
mutant virus during a single cycle of growth in MA-134
cells. MA-134 cells were chosen because they demon-
strate the fastest rate of loss of the 1 HRE MT virus
genotype in competition with WT virus for replication in
cells (Farrell and Mertz, 2002). We chose to use a multi-
plicity of infection (m.o.i.) of 10 plaque-forming units (pfu)
per cell to insure that essentially all cells were infected
synchronously. Cells infected in parallel with WT versus
1 HRE MT virus were harvested at various times
postinfection, ranging from quite early (to look for possi-
ble differences in the initial steps in the cascade of
events that comprise the lytic cycle) to quite late (when
most of the cells were dead and virus accumulation had
plateaued). At each time point, the cells were assayed in
parallel for accumulation of viral early and late RNAs, the
early and late virus-encoded proteins large T-antigen
and VP1, respectively, viral genomic DNA, and infectious
virions. By carefully comparing the data obtained with
WT- versus1 HRE MT-infected cells at each time point,
we hoped to determine the primary step in the virus life
cycle at which the defect due to the 1 HRE mutation
occurs.
1 HRE MT-infected cells accumulate fewer
plaque-forming units
The infected cells were assayed for accumulation of
infectious virions by a fluorescence focus assay (Whee-
lock and Tamm, 1961) as modified for SV40 (Farrell,
2001). As expected, accumulation of pfu plateaued by
58 h postinfection, with the 1 HRE MT-infected cells
yielding 40% fewer infectious virions than the WT-in-
fected ones (Fig. 1). Furthermore, the 1 HRE MT-in-
fected cells never achieved the levels of virus observed
in the WT-infected cells. By 83 h postinfection, most cells
in both sets of dishes displayed advanced virus-induced
cytopathic effect (data not shown), with infectious virus
titers having declined slightly from their peak (Fig. 1).
This slight decrease is likely due to loss of some of the
virus into the culture medium that was discarded during
preparation of the virus for titering.
The higher final yield of WT virus was not due to the
initial presence of greater amounts of infectious WT
virus. Consistent with infection with equal titers of virus,
the WT- and 1 HRE MT-infected cell monolayers con-
tained approximately equivalent residual infectious titers
at 8 h postinfection (Fig. 1, inset). As expected, the re-
sidual infectious titers were slightly lower and still similar
in amount at 17 h postinfection (Fig. 1, inset). However,
with the onset of production of newly formed infectious
FIG. 1. Production of infectious virus of WT versus1 HRE MT during
a single cycle of growth in MA-134 cells. Monolayers of MA-134 cells
that had just reached confluency in 35-mm dishes were infected in
parallel at an m.o.i. of 10 pfu/cell with WT or 1 HRE MT virus. After
incubation at 37°C for the times indicated, dishes of cells were har-
vested in triplicate and the relative titers of infectious SV40 contained
within them determined by a fluorescence focus assay as described
under Materials and Methods. The inset is a blowup of the first three
time points. Each data point represents the mean  SE of data ob-
tained from single assays of triplicate samples. WT (open circles); 1
HRE MT (solid triangles).
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virions by 24 h postinfection, the WT-infected cells had
already accumulated approximately threefold more in-
fectious virus than the 1 HRE MT-infected cells (Fig. 1,
insert). At all times thereafter, the 1 HRE MT-infected
cells contained less infectious virus (Fig. 1). The finding
that the maximum yield of pfu in the1 HRE MT-infected
cells never reached more than 60% of the yield
reached by WT-infected cells is fully consistent with the
results from our virus competition experiments, demon-
strating that WT outcompetes 1 HRE MT virus for
replication in MA-134 cells (Farrell and Mertz, 2002). The
finding that the 1 HRE MT-infected cells were already
lagging in accumulation of infectious virus by 24 h
postinfection means the HRE-mutant defect(s) manifests
at a fairly early time in the infectious cycle.
Real-time quantitative PCR assay for measurement of
the SV40 early and late RNAs
Prior work from our laboratory indicated that the 1
HRE MT overproduces SV40 late RNA relative to early
RNA at early times in the lytic cycle when viral template
copy number is low, but not at late times when viral DNA
replication to high template copy number leads to titra-
tion of the repressors that bind the HRE in the WT
genome (Wiley et al., 1993). These experiments were
performed with an S1 nuclease mapping assay that was
not sufficiently sensitive to quantify the abundance of
viral RNAs at times prior to 18 h posttransfection. Thus, we
developed an assay for accurate quantitation of the SV40
early and late RNAs at these crucial early pre-18-h times.
The assay involved adapting the very sensitive method
of real-time quantitative polymerase chain reaction (PCR)
to SV40. In this assay, whole-cell RNA is first converted to
cDNA with AMV reverse transcriptase. The target cDNAs
are then specifically amplified using primer sets de-
signed for the target mRNAs. The determined number of
target cDNA copies within a reaction is normalized to
nanograms of whole-cell RNA inputted into the cDNA
synthesis reaction.
Accurate quantitation of a target viral RNA by quanti-
tative PCR depends on the ability of the primer set to
amplify specifically target cDNA in the presence of non-
viral RNAs and cDNAs. As a control, we tested whole-
cell SV40 early- and late-specific primer sets in quanti-
tative PCR reactions with cDNA prepared from 2.5 ng of
whole-cell RNA harvested from WT virus-infected versus
uninfected MA-134 cells. As a control for artificial primer-
associated PCR products, we also performed amplifica-
tion reactions in parallel with 2.5 ng of whole-cell RNA
subjected to the same cDNA synthesis reaction condi-
tions, but without reverse transcriptase and with water
only.
The SV40 early- and late-specific primer sets de-
scribed under Materials and Methods detected approx-
imately 100-fold more copies of early and late cDNA/ng
whole-cell RNA harvested at 10 and 13 h postinfection,
respectively, from SV40-infected MA-134 cells than from
any of the controls (Farrell, 2001). Analysis by agarose
gel electrophoresis indicated that the products of the
PCR amplification of the cDNA obtained from the in-
fected cell RNA were the expected sizes (data not
shown). Taken together, these results indicate that real-
time quantitative PCR can be used as a sensitive assay
to measure differences among samples in the levels of
early and late RNA present in infected MA-134 cells.
1 HRE MT-infected cells underproduce SV40 early
RNA
After virus absorption, penetration, uncoating, and
transport to the nucleus, the first step necessary for the
production of progeny virions involves the synthesis of
the SV40 early RNAs. To determine whether this early
step in the lytic cycle is affected by the1 HRE mutation,
we prepared whole-cell RNA from the infected cells.
These RNA samples were used to make cDNAs, which
were then analyzed by real-time quantitative PCR for
SV40 early RNA using the SV40 early RNA primer set.
Interestingly, the 1 HRE MT-infected cells signifi-
cantly lagged behind the WT-infected cells in their accu-
mulation of SV40 early RNA (Fig. 2). Furthermore, the
WT-infected cells had already achieved their maximal
level of accumulation of early RNA by 32 h postinfection,
whereas the 1 HRE MT-infected ones achieved their
FIG. 2. Accumulation of SV40 early RNA in WT- versus 1 HRE
MT-infected MA-134 cells during a single cycle of growth. Monolayers
of MA-134 cells that had just reached confluency in 35-mm dishes were
infected in parallel at an m.o.i. of 10 pfu/cell with WT or 1 HRE MT
virus. After incubation at 37°C for the times indicated, dishes of cells
were harvested in triplicate. Whole-cell RNA was purified, and the copy
number of SV40 early RNA contained within each sample was deter-
mined by real-time quantitative PCR as described under Materials and
Methods. Copy number was normalized per nanogram of whole-cell
RNA that had been converted to cDNA by reverse transcriptase. The
inset is a blowup of the first three measurements of accumulated cDNA
synthesized using an early RNA-specific primer. All later time points are
measurements of accumulated cDNA synthesized using poly(T15VN)
plus random hexamers as primers. Each data point represents the
mean  SE of data obtained from triplicate samples each assayed in
triplicate. WT (open circles); 1 HRE MT (solid triangles).
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somewhat lower maximal level 9 h later. Thus, during the
crucial middle stages of the lytic cycle, when viral DNA
was accumulating at an exponential rate (see below), the
1 HRE MT-infected cells were somewhat deficient in
SV40 early RNA.
To quantify accurately the levels of SV40 early RNA at
times prior to the onset of viral DNA replication when the
abundances are quite low, we converted the whole-cell
RNA samples collected at 10, 13, and 16 h postinfection
to cDNA using an SV40 early RNA-specific primer rather
than random primers that convert all RNAs to cDNAs,
including cellular ones. Consistent with the lower accu-
mulation of SV40 early RNA by1 HRE MT-infected cells
during the middle stages of the lytic cycle, these cells
also contained approximately one-half as much SV40
early RNA as the WT-infected cells even at these early
times when transcription of the viral genome had only
recently begun (Fig. 2, inset).
The G-to-C mutation in the 1 HRE is situated at SV40
nt 322, upstream of the sequences transcribed in syn-
thesis of either the early or major late RNAs. It does not
introduce cis-acting defects in basal elements of the
promoters (Kraus et al., 1996), RNA processing, mRNA
stability, or viral DNA replication (Farrell and Mertz,
2002). Therefore, the observed difference in rate of ac-
cumulation of SV40 early RNA indicates that initiation of
transcription occurred at a lower rate on the mutant
template than the wild-type one due to inactivation of the
HRE. We conclude that the defect in the 1 HRE MT
already manifests itself in the form of reduced initiation
of transcription from SV40’s early promoter prior to the
onset of viral DNA replication.
1 HRE MT-infected cells underproduce large T-antigen
Large T-antigen is synthesized by translation of the
major spliced species of SV40 early mRNA. To examine
whether the underproduction of SV40 early RNA leads
concomitantly to underproduction of large T-antigen, the
WT- and 1 HRE MT-infected cells were also harvested
for whole-cell protein. These samples were assayed for
large T-antigen by SDS–PAGE, transferred to a nitrocel-
lulose membrane, and probed with a mixture of antisera
specific to SV40 large T-antigen.
The production of large T-antigen could first be de-
tected by this assay at 17 h postinfection (Fig. 3A). At this
time, the 1 HRE MT-infected cells had accumulated
approximately 40% as much large T-antigen as had the
WT-infected cells (Fig. 3B). Using this immunoblot assay,
we quantified the levels of large T-antigen present in the
1 HRE MT- and WT-infected cells throughout the lytic
cycle. Large T-antigen levels in the 1 HRE MT-infected
cells remained at one-third to one-half of the levels
observed at the corresponding time points in the WT-
infected cells (Fig. 4). Thus, we conclude that inactivation
of the 1 HRE led to reduced accumulation of large
T-antigen, consistent with the reduced accumulation of
viral early RNA noted above (Fig. 2).
FIG. 3. Analysis of large T-antigen in 1 HRE MT-infected versus
WT-infected cells at 17 h postinfection. (A) Immunoblot of 10 g of
whole-cell protein extracts prepared in triplicate from MA-134 cells
infected in parallel with1 HRE MT (lanes 1–3) or WT (lanes 4–6) virus
that were harvested at 17 h postinfection. The immunoblot was probed
with antisera to SV40 large T-antigen as described under Materials and
Methods. The bands representing large T-antigen (T-ag) are indicated
by the arrow. (B) Quantitation of relative amounts of large T-antigen
from the immunoblot shown in A. Levels were normalized to cellular
-actin levels assayed concurrently within each sample to correct for
any deviations in whole-cell extract quantitation and sample loading.
Data are presented as mean  SE relative to WT expression level. 1
HRE MT (shaded bar); WT (open bar).
FIG. 4. Accumulation of large T-antigen in WT-infected versus 1
HRE MT-infected MA-134 cells during a single cycle of growth. Mono-
layers of MA-134 cells that had just reached confluency in 35-mm
dishes were infected in parallel at an m.o.i. of 10 pfu/cell with WT or the
1 HRE MT. After incubation at 37°C for the times indicated, dishes of
cells were harvested in triplicate. Relative amounts of large T-antigen
were determined by immunoblot assays similar to the ones shown in
Fig. 3. Amounts were normalized to cellular -actin levels assayed
concurrently within each sample to correct for any deviations in whole-
cell extract quantitation and sample loading. Data are presented as
means  SE relative to the maximum level observed at 48 h postin-
fection in the WT-infected cells. WT (open circles); 1 HRE MT (solid
triangles).
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1 HRE MT-infected cells also underproduce viral DNA
Large T-antigen plays multiple roles in the replication
of SV40’s genome. Thus, the above-mentioned underpro-
duction of large T-antigen in the 1 HRE MT-infected
cells might be predicted to lead to an underproduction of
viral DNA as well. To test the validity of this hypothesis,
we also harvested the infected cells for whole-cell nu-
cleic acid and assayed them for viral DNA content by
real-time quantitative PCR. At 17 h postinfection, when
viral replication was just beginning, the viral DNA copy
number per A260 nucleic acid was 1.3  0.2  10
3 in the
WT-infected cells versus 1.2  0.2  103 in the 1 HRE
MT-infected ones. This finding is consistent with the
cells having been initially infected with equivalent
amounts of virus. However, by 24 h postinfection, the
WT-infected cells had already accumulated three- to
fourfold more viral DNA than had the 1 HRE MT-in-
fected ones (Fig. 5, inset). Thereafter, the 1 HRE MT-
infected cells accumulated viral DNA at a rate at least as
great as in the WT-infected cells (Fig. 5). However, they
never caught up before the lytic cycle was essentially
completed even though maximum accumulation of rep-
licated viral DNA occurred by 58 h postinfection in the
WT-infected cells versus 83 h postinfection in the 1
HRE MT-infected cells.
These findings are consistent with the pfu accumula-
tion data described above (Fig. 1), i.e., the 1 HRE
MT-infected cells already significantly lagged behind the
WT-infected cells when viral DNA or virions were first
beginning to accumulate to significant levels, with the
mutant never catching up. One cannot tell from these
data whether the mutant initially began to replicate its
DNA later than WT and/or at a slower rate. Either hy-
pothesis is consistent with the lower level of large T-
antigen found in 1 HRE MT-infected cells at these
crucial early times in the lytic cycle (Figs. 3 and 4).
Regardless of the precise mechanism, the end result
was that the WT-infected cells accumulated greater
amounts of viral DNA than did the 1 HRE MT-infected
ones.
Accumulation of SV40 late RNAs
Prior studies from our laboratory had indicated that
CV-1PD cells transfected with SV40 DNA containing the
1 HRE mutation initially overproduce late RNA, but,
later on, accumulate levels of late RNA comparable to
the levels observed in WT-transfected cells (Wiley et al.,
1993; Zuo and Mertz, 1995). We hypothesized that these
findings were due to the absence of repressors bound to
the mutant 1 HRE leading to premature transcription
from the late promoter at times prior to viral DNA repli-
cation. On the other hand, large T-antigen is needed for
both viral DNA replication and transcriptional transacti-
vation of the late promoter. Thus, the underproduction of
large T-antigen observed here at early times after infec-
tion with the 1 HRE MT might lead, instead, to an
underproduction rather than overproduction of SV40 late
RNA by midcycle.
To determine the effects of the 1 HRE mutation on
SV40 late RNA accumulation, the same whole-cell RNA
samples used to analyze SV40 early RNA (Fig. 2) were
also analyzed for levels of SV40 late RNA by real-time
quantitative PCR. In this case, we used SV40 late RNA-
specific primers. Interestingly, 1 HRE MT-infected cells
contained more late RNA at 10 and 13 h postinfection
than did WT-infected cells (Fig. 6, inset). Late RNA accu-
mulation reached equivalent levels by 16 h postinfection.
By 32 h postinfection, 1 HRE MT-infected cells con-
tained approximately one-half as much SV40 late RNA as
did WT-infected cells. Not until 58 h postinfection did the
WT- and 1 HRE MT-infected cells again contain similar
amounts of SV40 late RNA (Fig. 6).
Thus, accumulation of SV40 late RNA in cells infected
with 1 HRE MT initially exceeded at early times, but
during midcycle lagged behind the accumulation of SV40
late RNA in cells infected with WT. These findings are
consistent with the absence of repressors bound to the
1 HRE initially leading to an abnormally high level of
transcription from SV40’s late promoter and an abnor-
mally low level of transcription from the early promoter
and, consequently, underproduction of large T-antigen.
Subsequently, a lag existed by midcycle in the continued
accumulation of late and early RNA because this defi-
ciency in large T-antigen needed for replication of viral
DNA and transactivation of the late promoter led, as well,
FIG. 5. Accumulation of viral DNA in WT-infected versus 1 HRE
MT-infected MA-134 cells during a single cycle of growth. Monolayers
of MA-134 cells that had just reached confluency in 35-mm dishes were
infected in parallel at an m.o.i. of 10 pfu/cell with WT or the1 HRE MT.
After incubation at 37°C for the times indicated, dishes of cells were
harvested in triplicate. Whole-cell nucleic acid was purified and the
amount of viral DNA contained within determined by real-time quanti-
tative PCR as described under Materials and Methods. The inset is a
blowup of the first two time points. The data are presented as means
SE of data obtained from triplicate samples each assayed in triplicate.
All data points are relative to the maximum viral DNA copy number
achieved by WT-infected cells (1.6  0.3  106 per A260). WT (open
circles); 1 HRE MT (solid triangles).
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to a deficiency in templates needed for transcription and
titration of template-bound repressors. Despite lagging
behind in accumulation of viral DNA that could be used
as transcriptional templates, 1 HRE MT-infected cells
eventually did catch up to WT-infected cells in late (Fig.
6) and early (Fig. 2) viral RNA accumulation by 58 h
postinfection. Probably, the 1 HRE MT-infected cells
lived slightly longer before being killed by the infection,
giving them additional time to synthesize viral RNA.
Accumulation of VP1
Given the differences in the accumulation with time of
SV40 late RNA between cells infected with WT and 1
HRE MT (Fig. 6), one would predict similar differences in
the accumulation with time of VP1, the major product of
translation of the SV40 late RNAs. To test this hypothesis,
we determined relative VP1 levels by probing with a
VP1-specific antiserum the same immunoblots of whole-
cell protein extracts used above to measure relative
large T-antigen levels (Figs. 3 and 4). As with large
T-antigen, VP1 was first detectable by this assay at 17 h
postinfection (Fig. 7A). At this time, cells infected with the
1 HRE MT contained threefold more VP1 than did
WT-infected cells (Fig. 7B). This is consistent with the
greater amount of late RNA present at 10 and 13 h
postinfection (Fig. 6, inset). However, by 24 h postinfec-
tion, when viral DNA replication was underway, the cells
infected with the 1 HRE MT had accumulated only
one-half as much VP1 as had the 1 WT-infected ones
(Fig. 8). This deficiency remained until 48 h postinfection,
FIG. 8. Accumulation of VP1 in WT-infected versus 1 HRE MT-
infected MA-134 cells during a single cycle of growth. Monolayers of
MA-134 cells that had just reached confluency in 35-mm dishes were
infected in parallel at an m.o.i. of 10 pfu/cell with WT or the1 HRE MT.
After incubation at 37°C for the times indicated, dishes of cells were
harvested in triplicate. Relative amounts of VP1 were determined by
immunoblot assays similar to the one shown in Fig. 7. Amounts were
normalized to cellular -actin levels assayed concurrently within each
sample to correct for any deviations in whole-cell extract quantitation
and sample loading. Data are presented as means  SE relative to the
maximum level observed at 58 h postinfection with WT-infected cells.
WT (open circles); 1 HRE MT (solid triangles).
FIG. 6. Accumulation of SV40 late RNA in WT-infected versus 1
HRE MT-infected MA-134 cells during a single cycle of growth. Mono-
layers of MA-134 cells that had just reached confluency in 35-mm
dishes were infected in parallel at an m.o.i. of 10 pfu/cell with WT or1
HRE MT virus. After incubation at 37°C for the times indicated, dishes
of cells were harvested in triplicate. Whole-cell RNA was purified and
the copy number of SV40 late RNA contained within each sample was
determined by real-time quantitative PCR as described under Materials
and Methods. Copy number was normalized per nanogram of whole-
cell RNA that had been converted to cDNA by reverse transcriptase.
For the 10, 13, and 16 h postinfection samples, cDNA was synthesized
using an SV40 late RNA-specific primer; for the other samples, cDNAs
were synthesized using poly(T15VN) plus random hexamers as primers.
The inset is a blowup of the first two time points. Each data point repre-
sents the mean  SE of data obtained from triplicate samples each
assayed in triplicate. WT (open circles); 1 HRE MT (solid triangles).
FIG. 7. Analysis of VP1 in WT-infected versus 1 HRE MT-infected
cells at 17 h postinfection. (A) Immunoblot of 10 g of whole-cell protein
extracts prepared from MA-134 cells infected in parallel with 1 HRE
MT (lanes 1–3) or WT (lanes 4–6) virus and harvested at 17 h postin-
fection. The same immunoblot shown in Fig. 3 was probed concurrently
with an antiserum to SV40 VP1 as described under Materials and
Methods. The bands representing VP1 are indicated by the arrow. (B)
Quantitation of relative amounts of VP1 from immunoblot shown in A.
Levels were normalized to cellular -actin levels assayed concurrently
within each sample to correct for any deviations in whole-cell extract
quantitation and sample loading. Data are presented as the mean SE
relative to WT level. 1 HRE MT (shaded bar); WT (open bar).
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near the end of the lytic cycle. Thus, as expected, VP1
accumulation paralleled accumulation of viral late RNA.
In summary, the data presented here are all consistent
with the hypothesis that the mutation in the 1 HRE
causes cells infected with the 1 HRE MT to overpro-
duce SV40 late RNA and VP1 at the expense of early RNA
and large T-antigen prior to the onset of viral DNA rep-
lication. Subsequently, the underproduction of large T-
antigen leads to the underaccumulation of viral DNA
during midcycle and, consequently, underaccumulation
of viral late RNA, VP1, and, presumably, VP2 and VP3, the
minor capsid proteins also synthesized from the SV40
late mRNAs. Ultimately, the underproduction of viral ge-
nomes and virion proteins leads to underproduction of
infectious progeny virions. Thus, the primary defect of
the 1 HRE MT virus is likely the absence of repressors
bound to the 1 HRE at the earliest times after infection
leading to a perturbation in the ratio of early-to-late RNA
synthesized from SV40’s bidirectional promoter prior to
the onset of viral DNA replication. This perturbation sets
into motion a cascade of numerous subsequent flaws in
the optimal accumulation of viral products necessary for
the optimal production of infectious virions. This conclu-
sion provides an explanation for the finding that the 1
HRE MT virus is outcompeted by WT virus in MA-134
cells (Farrell and Mertz, 2002).
DISCUSSION
Using competition replication assays, we previously
found that WT virus outcompetes the 1 HRE MT virus
for replication in MA-134 cells (Farrell and Mertz, 2002).
To understand the reason for this finding, we examined
here the various steps during a single lytic cycle of
replication of WT versus 1 HRE MT virus in MA-134
cells. As expected, we found that 1 HRE MT-infected
cells underproduced infectious progeny virions relative
to WT-infected cells (Fig. 1). Prior to the onset of viral
DNA replication, the 1 HRE MT-infected cells underac-
cumulated SV40 early RNA (Fig. 2), underaccumulated its
product of translation, large T-antigen (Fig. 3), overaccu-
mulated SV40 late RNA (Fig. 6), and overaccumulated at
least one of its products of translation, VP1 (Fig. 7). By
24 h postinfection, viral DNA had begun to accumulate,
but to only about one-third the level observed in the
WT-infected cells (Fig. 5, inset). During midcycle, the 1
HRE MT-infected cells accumulated viral DNA at a rate
similar to WT-infected ones; however, they lagged in the
amount until the lytic cycle was essentially complete
(Fig. 5). With fewer template genomes present during
midcycle, the 1 HRE MT-infected cells also lagged in
their accumulation of SV40 late RNA (Fig. 6) and VP1 (Fig.
8). By 48–60 h postinfection, the lytic cycle of infection
was essentially complete, with the cells dying before
products from the mutant virus could accumulate to the
levels obtained in the WT-infected cells. Thus, the WT-
infected cells produced more infectious progeny virions
(Fig. 1).
Late RNA synthesis
The simplest hypothesis to explain the overproduction
of late RNA by the 1 HRE MT virus at 10 and 13 h
postinfection (Fig. 6, inset) is that the 1 HRE functions
as a binding site for nuclear receptors that act as repres-
sors of transcription from the late promoter at early
times. Data in support of this hypothesis include the
following: Multiple members of the nuclear receptor su-
perfamily have been shown to recognize SV40’s1 HRE,
but the single base-pair substitution of G-to-C in the 1
HRE MT studied here significantly reduces binding by
these NRs (Zuo and Mertz, 1995; Zuo et al., 1997; O’Reilly,
2000; Farrell and Mertz, 2002). Overexpression of some
of these NRs in transient transfection assays or addition
to a cell-free transcription system leads to repression of
transcription from the WT, but not 1 HRE MT SV40 late
promoter (Zuo, 1995; Zuo and Mertz, 1995; Zuo et al.,
1997). Last, addition in trans of double-stranded oligonu-
cleotide containing the WT, but not the 1 HRE MT,
sequence leads to relief of repression from the WT pro-
moter (Zuo and Mertz, 1995; Zuo et al., 1997).
Because the mutation in the 1 HRE MT lies only
three basepairs upstream of the transcription initiation
site of the major late promoter, an alternative hypothesis
to explain the initial overproduction of late RNA by the
1 HRE MT virus is that the 1 HRE mutation increases
the strength of a basal element (e.g., the initiator) of
SV40’s major late promoter. Inconsistent with this hy-
pothesis are the findings that this mutation does not
affect late RNA synthesis in either transiently transfected
cells or a cell-free transcription system when template
copy number is high and, thus, cellular NRs are not
sufficiently abundant to repress the late promoter (Wiley
et al., 1993; Kraus et al., 1996). Also, virus containing the
1 HRE mutation is not outcompeted by WT virus in
CV-1PD cells, one of six AGMK cell lines tested for virus
competition (Farrell and Mertz, 2002). If the 1 HRE
mutation causes a general cis-acting defect, the mutant
should have exhibited altered growth properties in all
cell lines. Thus, it is unlikely that 1 HRE MT’s primary
defect is in a basal, cis-acting element of SV40’s late
promoter. Rather, the mutant-infected cells overproduce
late RNA at very early times because the mutation inter-
feres with the binding of trans-acting repressors, i.e.,
NRs.
Early RNA synthesis
A direct consequence of overproduction by the 1
HRE MT of late RNA at early times is the underproduc-
tion of early RNA (Fig. 2, inset). This finding is in agree-
ment with O’Neill’s observation that TC-7 cells transiently
transfected with the 1 HRE, 55 HRE double mutant
pm322  LS26 (Wiley et al., 1993) not only overproduce
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late RNA, but also produce only one-fifth as much early
RNA as wild type (O’Neill et al., 1998). They further noted
that SV40 mutants lacking the late promoter produced
more early RNA than when the late promoter was
present either in cis as in wild-type SV40 or in trans by
cotransfection with another plasmid. They hypothesized
that the late promoter competed with the early promoter
for a trans-acting factor(s) necessary for early RNA syn-
thesis. Transcription competition between the SV40 early
and late promoter was previously hypothesized by Kelly
and Wildeman (1991) on the basis of their observation
that multimerization of the 72-bp repeat enhancer ele-
ment increased early–early promoter transcription at the
expense of late promoter transcription. In support of the
hypothesis that the binding of trans-acting factors to the
bidirectional promoter/regulatory region of SV40 affects
the ratio of early-to-late RNA synthesis from this pro-
moter is an earlier finding of Tack and Beard (1985). They
observed that removal by salt washes of viral and cellu-
lar proteins complexed with SV40 minichromosomes
harvested from the late phase of lytically infected CV-1
cells leads to a 30- to 100-fold increase in the synthesis
of early versus late RNA in a cell-free transcription sys-
tem. Khoury and May (1977) demonstrated even earlier
on the basis of studies with a temperature-sensitive
mutant of T-antigen that overexpression of the early pro-
moter leads to underexpression of the late promoter.
Thus, we conclude that the binding of NRs to the1 HRE
directly affects not only transcription from the late pro-
moter, but also transcription from the early promoter.
Synthesis of large T-antigen and viral DNA
Accumulation of early RNA in cells infected with 1
HRE MT did not catch up to accumulation in cells in-
fected with WT until 58 h postinfection (Fig. 2), a time
when the lytic cycle was essentially complete. Given that
synthesis of large T-antigen is dependent on the pres-
ence of SV40 early RNA, its synthesis in the 1 HRE
MT-infected cells should lag as well. This is what was
observed (Figs. 3 and 4). O’Neill et al. (1998) also noted
that their fivefold reduction in early RNA synthesis in
TC-7 cells transiently transfected with the double HRE
mutant was accompanied by a fivefold reduction in large
T-antigen accumulation.
We also noted the 1 HRE MT-infected cells are
somewhat defective in accumulation of viral DNA (Fig. 5).
Large T-antigen binds as hexamers to sequences at the
viral origin of replication in a cooperative manner (Tjian,
1978; Myers et al., 1981; Parsons et al., 1991). Likely, a
critical concentration of large T-antigen must be present
before initiation of viral DNA replication can commence.
Additionally, each new round of viral DNA replication
requires functional large T-antigen (Tegtmeyer, 1972;
Chou et al., 1974). Thus, cells infected with WT, which
contain significantly higher levels of large T-antigen at all
times after infection (Figs. 3 and 4), likely begin to repli-
cate viral DNA earlier on in the lytic cycle than the 1
HRE MT-infected ones for these reasons.
Large T-antigen also plays a role(s) in the production
of infectious virions. It contributes by as-yet-unknown
mechanisms to virion assembly (Pipas, 1985; Wun-Kim et
al., 1993; Spence and Pipas, 1994a,b) and the proper
expression of LP1 (also called agnoprotein) (Khalili et al.,
1988). Low expression of LP1 has been shown to result
in decreased virion production (Ng et al., 1985; Barkan et
al., 1987), decreased cell-to-cell spread of virus (Mertz
and Berg, 1974; Resnick and Shenk, 1986), and de-
creased nuclear localization of VP1 necessary for virion
assembly (Carswell and Alwine, 1986; Resnick and
Shenk, 1986). Thus, the deficiency in large T-antigen
accumulation in 1 HRE MT-infected cells may ad-
versely affect virion production through multiple path-
ways.
Autoregulation of early RNA synthesis occurs when
large T-antigen binds to sequences located within the
viral DNA Ori region (Tegtmeyer et al., 1975; Reed et al.,
1976). Since the accumulation of large T-antigen differed
between the WT- and 1 HRE MT-infected cells (Figs. 3
and 4), autoregulation likely affected the accumulation of
early RNA (Fig. 2). However, viral DNA replication, which
is also dependent on large T-antigen binding to the Ori,
had not yet commenced by 17 h postinfection (Fig. 5).
Thus, while autoregulation likely influenced accumula-
tion of early RNA 17 h postinfection, it could not have
accounted for the differences already observed as early
as 10 h postinfection (Fig. 2). Furthermore, since the
WT-infected cells contained more large T-antigen than
1 HRE MT-infected cells at all times measured, auto-
regulation would be expected to decrease the difference
in accumulation of early RNA, leading, if anything, to an
underestimate of the effect of the 1 HRE mutation on
early RNA synthesis.
Effects of large T-antigen accumulation on synthesis
of late RNA
Although SV40 late transcripts can be detected prior to
the initiation of viral DNA replication, significant tran-
scription from the late promoter does not occur until after
its onset (Acheson, 1982). The replication-dependent
component of activation of the late promoter likely in-
volves replication of the viral DNA to high copy number,
leading to titration away of cellular repressors of the late
promoter (Brady and Khoury, 1985; Wiley et al., 1993).
However, there also exists a replication-independent
mechanism of transactivation of the late promoter by
large T-antigen (Keller and Alwine, 1984; Brady et al.,
1984; Keller and Alwine, 1985; Coulombe et al., 1992;
Gilinger and Alwine, 1993; Casaz et al., 1995; Johnston et
al., 1996). This latter mechanism could explain why WT-
infected cells, containing more large T-antigen (Fig. 3),
caught up to 1 HRE MT-infected ones in their accumu-
lation of late RNA by 16 h postinfection (Fig. 6) even
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though significant accumulation of newly replicated viral
DNA had yet to occur (Fig. 5, inset). Thereafter, WT-
infected cells likely accumulated more late RNA (Fig. 6)
due as well to there being (i) more viral DNA available to
serve as templates for transcription and (ii) earlier accu-
mulation of viral DNA at levels sufficient to titrate out
repressors bound to sites in addition to the 1 HRE
(Wiley, 1993; Wiley et al., 1993).
Accumulation of VP1 and infectious virions
Viral DNA begins to be packaged into virions within 20
min after its synthesis (Girard et al., 1973), with as much
as 70–90% of it eventually being encapsidated into viri-
ons by the end of the lytic cycle (Girard et al., 1973;
Garber et al., 1978). Thus, our finding that WT-infected
cells accumulated threefold more infectious virus than
1 HRE MT-infected cells by 24 h postinfection (Fig. 1,
inset) is likely a direct consequence of their having ac-
cumulated threefold more viral DNA (Fig. 5, inset).
By 58 h postinfection, WT-infected cells ceased accu-
mulating both infectious virions and viral DNA (Fig. 1 and
2, respectively). Interestingly, 1 HRE MT-infected cells
also ceased accumulating infectious virions by this time
even though they continued accumulating viral DNA
(Figs. 1 and 2, respectively). Likely, not only the availabil-
ity of viral DNA, but also the timing of that availability and
the availability of sufficient quantities of virion capsid
proteins are important for the optimal production of in-
fectious progeny virions. Three hundred sixty VP1 mole-
cules are needed to encapsidate each viral DNA mole-
cule into a virion particle (Acheson, 1982). Thus, the
lower production of VP1 by 1 HRE MT-infected cells
during mid- and late stages of the infection (Fig. 8) may
significantly contribute to the lower production of infec-
tious virions.
The initial overproduction of late RNA and VP1 by 1
HRE MT-infected cells may have adversely affected early
RNA synthesis as well. Late transcripts are alternatively
spliced into two mRNA species: the 16S, encoding VP1,
and 19S, encoding VP2 and VP3 (Good et al., 1988a,b).
Although we demonstrated here only the early overex-
pression of VP1 (Fig. 7), it is likely accompanied by
similar overexpression of VP2 and VP3. VP3 can form in
vitro a ternary complex with Sp1 and its cognate binding
sites in the SV40 regulatory/promoter region, repressing
transcription from the early promoter in a cell-free tran-
scription system (Gordon-Shaag et al., 1998). Thus, the
premature production of capsid proteins at early times in
the 1 HRE MT-infected cells may directly contribute to
the reduced production of early RNA and large T-antigen.
Central to the findings presented here is the question
of how SV40 temporally regulates the switch from early-
to-late gene expression from one bidirectional promoter/
regulatory region. Findings from previous transfection
studies led to two nonmutually exclusive models to ex-
plain how this is mechanistically achieved. In one model,
the late promoter is repressed by NRs binding to the
HREs until titrated away by viral DNA replication to high
copy number (Wiley et al., 1993) or activated by appro-
priate ligands (Zuo et al., 1997) or large T-antigen
(O’Reilly, 2000). In the other model, the activated late
promoter successfully competes for limiting trans-acting
factors necessary for early-gene transcription (O’Neill et
al., 1998). By using the very sensitive real-time quantita-
tive PCR assay to measure accurately viral early and late
RNA accumulation at very early times, we corroborated
and extended the above findings. We demonstrated here
that as early as 10 h postinfection, well before the onset
of viral DNA replication, the 1 HRE MT simultaneously
exhibits both increased late RNA synthesis relative to
WT, consistent with lack of repressor binding, and de-
creased early RNA synthesis, consistent with transcrip-
tional competition between the late and early promoters.
In other words, SV40’s bidirectional promoter synthe-
sizes late RNA at the expense of early RNA when repres-
sor is not bound to the late promoter.
In summary, we have shown here that infection of
MA-134 cells with SV40 virus containing a single base-
pair substitution mutation in the 1 HRE results in mis-
regulation of early and late viral gene expression at very
early times in the lytic cycle of infection. This misregu-
lation leads to the overproduction of late RNA and the
underproduction of early RNA by 10 h postinfection, fol-
lowed by the overproduction of VP1 and underproduction
of large T-antigen by 17 h postinfection. Underproduction
of large T-antigen by1 HRE MT is likely responsible for
the lower rate of accumulation of replicated viral DNA
which, in turn, is likely primarily responsible for the un-
derproduction of infectious virus. These results demon-
strate the biological importance of the timing of SV40
viral gene expression and how subtle disruptions in
gene regulation can adversely affect the entire cascade
of downstream events that ultimately determine the
amount of virus produced.
MATERIALS AND METHODS
Cells
The African green monkey kidney cell line MA-134 was
obtained from Janet Butel. CV-1PD cells are a derivative
of CV-1 cells obtained by sequential passage through the
laboratories of S. Kit as CV-1P, C. Cole as CV-1PD, and J.
Mertz; the 1 HRE MT grows as well as WT SV40 in
these cells (Farrell and Mertz, 2002). Cells were grown
and maintained at 37°C and 5% CO2 in 35-mm dishes
with Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 40 units/ml of penicillin and streptomycin
and 5% fetal bovine serum (FBS) (HyClone).
Plasmids
Plasmid pSVS(WT) contains SV40 strain WT830 cloned
into a pBR322-based vector via their EcoRI sites (Fromm
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and Berg, 1982). This strain is similar in sequence to
strain 776 with two copies of the 72-bp enhancer region.
Plasmid pSV4540(pm322C), containing the 1 HRE G-
to-C mutation at SV40 nt 322 in a wild-type SV40 back-
ground (Farrell and Mertz, 2002), was created by recom-
bination of pSV4508(pm322C) (Kraus et al., 1996) with
pSVS(WT).
Growth and titering of virus stocks
The viral sequences present in pSVS and pSV4540
were excised from their cloning vector and ligated to
form monomer circles of wild-type SV40 and the mutant
1 HRE MT, respectively, prior to transfection into CV-
1PD cells. The virus was grown for 10–12 days in these
cells and stocks prepared from them as described pre-
viously (Farrell and Mertz, 2002). The protocol used for
titering virus stocks was a modification of the fluores-
cence focus assay of Wheelock and Tamm (1961) as
modified for SV40 (Farrell, 2001). In brief, monolayers of
TC-7 cells in eight-well tissue culture slides (0.7 cm2/
well, Nunc) were infected by incubation for 90 min at
37°C with 150 l of 3 serial dilutions of the virus
stocks. The monolayers were then washed three times
with phosphate-buffered saline (PBS) and fed with 500 l
DMEM supplemented with 2% FBS. After 48 h, the cells
were washed with cold PBS and fixed by incubation for
7 min with 200 l of cold methanol:acetone (1:3, v:v).
After air drying, the cell monolayers were incubated at
37°C for 1 h with 150 l PBS containing 3.3 g/ml each
of the mouse anti-large T-antigen antibodies Pab 101
(Santa Cruz), Pab 108 (Santa Cruz), and Ab-2 (Oncogene),
washed three times with cold PBS, and incubated at
37°C for 1 h with 150 l of PBS containing 10 g/ml of
FITC-conjugated goat antimouse secondary antibody
(Jackson Laboratories). After washing again three times
with cold PBS, the cells were covered with Vectashield
mounting medium (Vetor Laboratories) and examined
with a Zeiss Axiophot UV microscope. Each UV-positive
cell was scored as one plaque-forming unit (pfu). Unfor-
tunately, the use of these tiny wells resulted in inefficient
absorption of the virus, leading to a systematic underes-
timation of titers. Therefore, we report here relative titers
rather than absolute pfus per sample.
Single cycle growth assays
MA-134 cells were grown in 35-mm tissue culture
dishes. Newly confluent monolayers were infected by
incubation at 37°C for 90 min with approximately 10
pfu/cell of WT or 1 HRE MT virus in 200 l virus carrier
medium (VCM) [DMEM, 10 mM Tris (pH 7.5), 2% FBS].
Afterward, unabsorbed virus was removed by aspiration
of the infecting medium and washing of the monolayers
twice with PBS. The cells were then incubated at 37°C in
DMEM supplemented with 2% FBS. At the various time
points indicated, the cells were collected by centrifuga-
tion and processed in parallel for virus, virus-encoded
proteins, viral RNAs, and viral DNA.
Protein analysis
Whole-cell extract was prepared by washing the cells
with cold PBS, resuspending them in 25 l of lysis buffer
[50 mM Tris–HCl (pH 7.5), 0.5 M NaCl, 1 mM EDTA, 10%
glycerol, 1 mM DTT, 1 protease inhibitor cocktail (4-(2-
aminoethyl)benzenesulfonyl fluoride, trans-epoxysucci-
nyl-L-leucylamido(4-guanidino)butane, bestatin, leupep-
tin, aprotinin, and ethylenediaminetetraacetic acid
(EDTA) (Sigma))], and disrupting them by three cycles of
freezing and thawing. Cellular debris was removed by
centrifugation in a microfuge for 5 min. The supernatant
was aliquoted and stored at 80°C. The relative
amounts of large T-antigen and VP1 present in the ex-
tracts were quantified by immunoblotting proteins sepa-
rated by electrophoresis in 10% polyacrylamide gels as
described in detail elsewhere (Farrell, 2001). The mem-
branes were concurrently incubated first with antibodies
against -actin (fluorescein isothiocyanate conjugated,
Sigma), SV40 large T-antigen (mouse Pab 101, Santa
Cruz; mouse Pab 108, Santa Cruz; and mouse Ab-2,
Oncogene), and VP1 (rabbit polyclonal, gift of Harumi
Kasamatsu) and then with fluorescent dye-conjugated
goat antimouse and goat antirabbit antibodies (Alexa-
Fluor, Molecular Probes). The results were visualized
with a Typhoon 8600 Variable Mode Imager (Molecular
Dynamics) and quantified with ImageQuant 5.1 software
(Molecular Dynamics). To control for any differences in
protein quantitation and sample loading, large T-antigen
and VP1 protein levels were normalized to -actin levels
present in the same samples.
Nucleic acid purification and viral DNA quantitation
Whole-cell nucleic acid was prepared by resuspen-
sion of the cells in 100 l proteinase K reaction mixture
[0.2 M Tris (pH 7.5), 25 mM EDTA, 0.3 M NaCl, 2% (w/v)
sodium dodecyl sulfate, 0.75 g/l of proteinase K
(Roche)], incubation for 2 h at 37°C, and extraction with
an equal volume of phenol/chloroform/isoamyl alcohol
(25:24:1, v:v:v). The aqueous phase was assayed by
spectrophotometry for absorbance at 260 nm to deter-
mine the concentration of the nucleic acid. It was stored
at 20°C until analyzed for viral DNA by real-time quan-
titative PCR using the SV40 early RNA-specific primer set
and the set of standards described below. Viral genome
copy numbers were normalized to A260 units of whole-cell
nucleic acid.
RNA purification and cDNA synthesis
Whole-cell RNA was purified using Total RNeasy kits
(Qiagen). The recovered RNA was incubated at 37°C for
1 h with 4 units of RNase-free DNase I (Ambion) to
eliminate contaminating genomic and viral DNA, incu-
bated at 75°C for 10 min to inactivate DNase I, reisolated
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using the RNeasy kit manufacturer’s RNA cleanup pro-
tocol (Qiagen), and quantified by spectrophotometry.
Half a microgram of whole-cell RNA was converted to
whole-cell cDNA in a 20-l reaction containing 0.5 M
poly(T15VN) (where V  A, G, or C and N  any nucleo-
tide), 0.5 M random hexamers, 40 units AMV reverse
transcriptase (RT; Roche), 1 AMV RT buffer (Roche),
and 1 mM each dNTP (Roche). Alternatively, for the early
time point samples containing a low abundance of viral
RNA, 1 g of whole-cell RNA was converted to SV40-
specific cDNA in a 30-l reaction containing 0.5 M
SV40 late RNA-specific primer 5-TCCTCATAAACCCTA-
ACCTCC-3, 0.5 M SV40 early RNA-specific primer 5-
GGGGAGGTGTGGGAGGT-3 (SV40 nts 2514–2494 and
nts 2708–2724, respectively, in the SV numbering system
of Buchman et al., 1982), 40 units AMV RT (Roche), 1
AMV RT buffer (Roche), and 1 mM each dNTP (Roche).
The cDNA synthesis reaction mixtures were incubated at
25°C for 10 min and 50°C for 1 h and stored at 20°C
until analyzed for specific viral RNAs by real-time quan-
titative PCR as described below.
Viral RNA analyses
The abundances of SV40 early and late RNAs (after
conversion to cDNA) were measured by the SYBR green
I-based real-time quantitative PCR assay. In this assay,
continuous measurement of fluorescence due to specific
complex formation of SYBR green I with double-stranded
PCR products versus single-stranded DNA allows quan-
titation of initial RNA molar amounts (Wittwer et al., 1997;
Morrison et al., 1998; Bustin, 2000). Because PCR effi-
ciency decreases with increasing number of cycles due
to limiting reagents, the critical parameter recorded for
the real-time quantitative PCR assay is the threshold
cycle (Ct), i.e., the cycle (measured to a fractional value of
the 1-min extension phase of the PCR) when amplicons
are initially detected over background fluorescence.
Primer sets were designed to generate PCR products
less than 100 bp in length to enable high-efficiency
amplification. Because the SV40 early and late tran-
scripts can be alternatively spliced, early and late primer
sets were targeted to regions common to all of the early
or late viral RNA species. The CT values obtained from
the quantitative PCR reactions were converted to copy
numbers by comparison to standard curve Ct values of
PCR products of known initial quantity (ranging in 10-fold
increments from 1000 to 100 million copies) simulta-
neously generated in each experiment with the same
primer set in separate reactions alongside the un-
knowns. Copy number was normalized to the amount of
whole-cell RNA inputted into the cDNA synthesis reac-
tion.
The quantitative PCR reactions were carried out in
20-l volumes containing 5% anhydrous dimethylsulfox-
ide, 1:50,000 dilution of SYBR green I (Molecular Probes),
180 nM 6-carboxy-X-rhodamine (6-ROX passive refer-
ence dye; Molecular Probes), 10 mM Tris–HCl (pH 8.3),
50 mM KCl, 2.5 mM MgCl2, 50 nM each dNTP (Roche),
500 nM each forward and reverse primer, and 0.5 units
HotStar Taq DNA polymerase (Qiagen). The thermal cy-
cling parameters were 1 cycle of 95°C for 10 min fol-
lowed by 40 cycles of 96°C denaturing for 15 s and 60°C
annealing/extension for 1 min. The PCR primer sets and
amplicon sizes were as follows: early RNA reverse
primer of 5-GAGCCTTGGGACTGTGAATCA-3 and for-
ward primer of 5-GAAGATGGTGGGGAGAAGAACA-3
(SV40 nts 2809–2829 and nts 2879–2858, respectively),
which produce a 71-bp amplicon; and late RNA forward
primer of 5-CCCTTAGAAAGCGGTCTGTGAA-3 and re-
verse primer of 5-TGCCCATCCACCCTCTG-3 (SV40 nts
2373–2394 and nts 2463–2447, respectively), which pro-
duce a 91-bp amplicon. PCR primer sequences were
designed by Eric Ariazi using Oligo 5.0 software (Nation-
al Biosciences) and synthesized at the University of Wis-
consin Biotechnology Center. The quantitative PCR as-
says were performed using an ABI PRISM 7700 Se-
quence Detection System (Applied Biosystems).
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